Abstract---Methane solubilities at 25~ were measured at 350, 550, and 750 psia in dilute (< 11 wt. %) clay slurries of Na-montmorillonites and argillaceous sediment. Methane solubilities were not significantly affected by the presence of clay. Water hydrated onto the external clay surfaces did not appear to exclude methane. In addition there was no detectable sorption of methane onto the clays. The measured solubilities are consistent with an open structure of the water hydrated onto the clay surface for which the partial molal volume is larger than that of normal water. The results imply that aqueous methane solubilities measured in the laboratory can be used to determine degrees of methane saturation in interstitial solutions in unconsolidated sediments.
INTRODUCTION
Methane forms biogenetically in sediments at surface temperatures (Claypool and Kaplan, 197.4) and by thermal cracking of organic matter with increasing temperatures (Tissot and Welte, 1978) . Degrees of methane saturation in interstitial waters are usually determined by comparison of field measurements with laboratory solubility measurements made in similar aqueous solutions at the same pressure and temperature.
Hinch (1978) suggested that hydrocarbons are excluded from the water hydrated to the surface of clays. If significant amounts of such water in sediments are unavailable as a solvent for dissolving methane, the apparent solubility would be lowered, introducing errors in the interpretation of degrees of saturation. In addition, water occupying interlayer space within claymineral particles may not be available as a solvent for methane in slurries. Methane is a nonpolar molecule and is not expected to enter this space. The purpose of this study was to measure methane solubilities in aqueous clay slurries and to compare these values with solubilities measured in similar aqueous solutions. The measurements were made at 25~ at 350, 550, and 750 psia. Unless otherwise noted, the solubilities of methane in this study are reported relative to the amounts of bulk water in the slurries. The bulk water includes the surface-hydrated water on the external surfaces of particles but not the interlayer water within particles.
EXPERIMENTAL APPARATUS AND PROCEDURE
Methane gas used in this study was Matheson ultra high purity. The manufacturer reports the methane content to be 99.97 mole %. The equilibration system is shown schematically in Figure 1 . The Tem-Pres stainless steel saturation vessel contains a 500-cm 3 titanium-lined chamber with 3 ports at the top. Port A was used to introduce pressurized methane, and port C was used to purge the solution or slurry prior to an experiment and to sample the saturation chamber after equilibration. Pressure input into the saturation chamber was controlled by a Grove 16L regulator. Pressure within the saturation chamber was measured via port B by a Heise CM 32507 gauge. This gauge has a dead weight accuracy within 1 psia over the pressure range used in this study. Pressure within the saturation vessel Was controlled by periodic venting through port B. Equilibrium pressures were maintained within 1 psia of the reported gauge values, and the estimated accuracy of the reported equilibrium pressures was within 2 psia. Temperature in the water jacket surrounding the bottom and sides of the saturation chamber was controlled to within 0. I~ by a Lauda K-2/R constant-temperature-bath circulator.
A schematic drawing of the stainless steel sampling system is shown in Figure 2 . The sampling system connects to the saturation vessel at valve 8 during sampling. Each sample was taken isobarically in the 13.22-cm 3 sample loop and then flashed into the evacuated expansion loop. The change in pressure was measured manometrically by a 30-inch Meriam 10A25WM manometer which could be read to within 0.5 mm of Hg. A Grove 155 back pressure regulator at c was used to flush fluids through the sample loop under isobaric conditions. The evacuated glass flask at a contained 5 ml of the slurry or solution in the reaction vessel. Prior to sampling, this fluid was used to equilibrate the manometer and the previously evacuated system with water vapor at room temperature (22-24~
The evacuated glass flask at b was used to flash a sample for observation purposes.
An experimental run began with 400 ml of slurry or solution in the vessel. The fluid and headspace were purged with methane to remove residual air. Pressure within the vessel was then allowed to reach the desired equilibration value. The vessel was rocked 30 ~ from the vertical at 60 oscillations/min for 3 hr to insure that equilibration had occurred. Equilibration actually occurred within 2 hr as determined by reproducible measurements of dissolved gas content. The pressure was maintained within 3 psia of the desired gauge value during the first 2 hr and within 1 psia during the final hour.
The sampling system was connected at valve 8 to the vessel, evacuated, and then equilibrated with water vapor. Distilled water under pressure filled the lines from valve 8 through the back pressure regulator (c). The solution from the chamber was then passed under near isobaric conditions through the sample loop and out c. After flushing 45 ml of fluid (a 5-min operation) through c, the sample loop was isolated and valve 5 opened to flash the sample into the expansion loop. The sampling procedure took less than 15 min from the time the vessel stopped rocking.
A half-hour equilibration time was allowed for the expanded gas to warm to room temperature before the manometer was read. Residual dissolved gas at manometer pressure was estimated and included in calculating the original gas molality of the sample. The mass of water in each slurry sample was needed for expressing methane solubility in molal units. In the absence of flocculation of the solids in the vessel, the water mass could be computed using the sample loop volume and the water content and density of the original slurry. Flocculation in the vessel resulted in a lower solids content in the sample. To check for flocculation, the measured mass of sample solids was compared with that predicted using the original slurry. Generally, there was no significant difference. If flocculation occurred, the correct density and wt. % solids in the sample were obtained by matching the mass of solids in the sample with those predicted using successive dilutions of the original slurry.
Following the completion of sampling, the entire sample system was disconnected from the vessel, flushed with distilled water and methanol, and then dried with N2. The pressure in the vessel was then raised to a higher equilibration value and the entire procedure was repeated. It was possible to take samples until the fluid volume in the vessel dropped to less than 80 cm 3. For a viscous slurry, a presample was flashed to b (a glass flask) to check for bubbles contained in the liquid. A presample was also flashed to b prior to taking the first sample in an experimental run. Undissolved bubbles that may have collected in the sample tube (in the vessel) during purging and that resisted flushing from the sample loop were removed by taking this presample. The precision of the measurements is within 0.0005 molal units of CH4. The estimated accuracy, taking into account experimental uncertainties, is within 0.001 molal units, corresponding to a possible 3.2% error at 350 psia and a possible 1.6% error at 750 psia for CH4 saturation in distilled water at 25~ The corresponding possible errors using sea water are 3.9% and 2.0%, respectively. The experimental apparatus is adequate for ungelled clay slurries having less than 10 wt. % clay (ll0~ dried weight). Extrapolation of data obtained with this apparatus to the higher clay:fluid ratios characteristic of purely argillaceous sediments is tenuous; however, some conclusions can be inferred. In addition, the data apply directly to sediment having minor clay content and provide indirect evidence on the nature of water hydrated onto clay surfaces.
CLAY AND SEDIMENT PREPARATION
Two CMS Source Clay montmorillonites and one argillaceous sediment from the Mississippi delta were used in the slurries. The two montmorillonites were the Cheto montmorillonite from Arizona (SAz-1) and a bentonite from Wyoming (SWy-1) obtained from The Clay Minerals Society. Data on these clays are reported by Van Olphen and Fripiat (1979) . The marine sediment was supplied by Thomas Whelan of Carbon Systems Inc. from a core off the present Mississippi delta in 60 m of water and 10 m below the bottom.
Samples of SAz-1 and SWy-1 were each treated with HzO2 to remove organic material. Following settling to remove nonclay minerals, the clays were centrifuged and washed to remove soluble salts. Crystalline impurities were undetected on X-ray powder diffraction (XRD) patterns of sample SAz-1; however, patterns of sample SWy-1 showed the presence of minor quartz.
Predominant Na occupancy of exchange sites was achieved by mixing 10 g of clay (110~ wt.) with 1 liter of a 1-M NaCI solution. The slurries were allowed to sit for one week with occasional shaking and were then washed and centrifuged until C1-could not be detected by silver nitrate titration. The washed clay was then dispersed in distilled water to make the slurries.
Sample SWy-1 dispersed easily into gels in which the particles are the fundamental 10-A silicate sheets (Norrish and Quirk, 1954) . There is no interlayer water "within" particles in these gels. SAz-1 did not form gels, apparently due to its large negative structural charge (Grim, 1962, p. 222) as shown by its large CEC of 120 meq/100 g (Van Olphen and Fripiat, 1979) . Coulter couriter measurements of the unflocculated particles indicated an average particle diameter between 0.5 and 0.8/zm. During the experiments, the rocking mechanism was sufficient to keep the slurries of sample SAz-1 unflocculated.
Hydration measurements on Na-saturated SAz-1 samples at 100% humidity indicated that 16 water molecules were present per unit cell. XRD patterns of wet, oriented slides showed 2 water layers in the interlayer space. For the purpose of computing interlayer water contents, the unit cell of the clay in the SAz-1 slurries was assumed to contain 2 water layers with 8 water molecules per layer.
The argillaceous sediment was stored for 2 months in a brine containing 150,000 ppm NaC1. It was then centrifuged and washed until C1-could not be detected. The organic C content was 1.2 -+ 0.2 wt. %. XRD patterns of the sediment showed the following major corn- All slurries were used in the experiments within one week of their preparation. Analyses of the dissolved salt content in the slurries showed insignificant hydrolysis of the solids during this period.
RESULTS
The experimental procedure was checked by measuring CH4 solubilities in distilled water and in sea water of 34.84%0 salinity. These solubilities are compared with predicted solubilities in Table 1 where m is the predicted molality, X is the fugacity coefficient at pressure P, R is the gas constant, T is the absolute temperature, and V is the partial molal volume of CH4. The symbol m* is the molality of methane measured in the solution which was equilibrated with a methane gas phase at 1 atm and temperature T.
The equation depends on Henry's law and the assumption of a constant g' with changes in P. X values can be interpolated from data listed by Din (1961) , and m* values can be computed from the Bunsen solubility coefficients of Yamamoto et al. (1976) . g' was taken to be 35.5 cm3/mole on the basis of the high pressure low temperature (below 60~ solubilities of Culberson and McKetta (1951) and O'Sullivan and Smith (1970) . ~' is insensitive to temperature and salt content below 60~
The agreement between the measured and predicted values for distilled water is within the experimental uncertainty. The reason for the discrepancy between predicted and measured sea-water solubilities is unknown; however, a 2% increase in the sea-water Bunsen coefficient of Yamamoto et al. (1976) would produce good agreement.
Solubilities measured in SAz-1 slurries, SWy-1 slurries, and sediment slurries are listed in Tables 2, 3 , and 4, respectively. Solubilities in clay slurries are reported relative to the bulk water content, which (as discussed The pressure drop on flashing was not sufficient to release bubbles from the gel due to its high viscosity. The increasing viscosity limited the maximum clay content to 2%. above) does not include interlayer water within particles. Clay wt. % values in clay slurries include the l l0~ clay mass plus the estimated interlayer water mass. Solubilities and sediment wt. % values in sediment slurries are reported relative to the total water content and the l l0~ sediment mass, respectively, because interlayer water contents could not be reliably estimated.
The SWy-1 data in Table 3 are for slurries having only 1 and 2 wt. % of clay. The increased viscosity of the more concentrated gels resulted in bubbles (observed) remaining in flashed samples and not being released to the manometer. Observed bubbles remained in the 2 wt. % slurry at 350 psia where the pressure drop was not sufficient to release the bubbles. Surface areas of clays and sediment in the slurries are not accurately known. Surface areas determined from gas adsorption techniques on the CMS source clays (Van Olphen and Fripiat, 1979) do not necessarily correspond to the reactive surface areas in solution (Lerman, 1979, p. 389) .
The CH4 solubilities in Tables 2, 3 , and 4 show no significant differences compared to the solubilities in Table 1 , measured in the pure aqueous solutions. Minor decreases were noted in the distilled water slurries and, with one exception, are less than 0.002 molal units, which is the combined estimated error of 2 measurements. The decreases do not show a consistent correlation with increasing clay content in the slurries. These decreases cannot be explained; however, they are relatively insignificant.
DISCUSSION
The measurements do not show a "definitive" change of methane solubilities between the slurries and the pure aqueous solutions. Solubility increases in the slurries would have indicated sorption of methane into the interlayer space or onto particle surfaces. The lack of an increase is thought to be due to the nonpolar nature of methane. The lack of a decrease must be related to the nature of hydrated water on the clay surfaces. Because salt solutions show a reduction in solubility, a comparison of properties may help explain the results and their application to sediments.
Water hydrated onto clay surfaces has a different structure from water hydrated around salt ions. The data of Low and Anderson (1958) indicate a continuous increase in the partial molal volume of water approaching the clay surfaces. This increase extends over a 60-distance. Salt solutions produce the opposite effect. Partial molal volumes of water in NaCI solutions, computed from data in the Handbook of Chemistry and Physics (Weast, 1977 (Weast, -1978 , decrease with increasing salt content. Salt ions constrict or compress hydrated water molecules, effectively removing them as a solvent for methane. On the other hand, water hydrated onto clay surfaces has a more open structure which is somewhat similar to that of ice (Grim, 1968, p. 246) . Methane should be soluble in this water because it readily forms ice-like gas hydrates (clathrates) at higher pressures (Miller, 1974) . Indeed, the open structure of the hydrated water may alter the PT conditions of the formation of these gas hydrates in interstitial waters of clay-rich sediments.
The effect of increasing temperature on changes in CH4 solubilities in slurries, relative to the pure aqueous solvent, is debatable. Intuitively, one might expect hydrated water bound to clay surfaces or to dissolved ions to become more like normal water with increasing temperature. This is not necessarily the case for salt solutions. The low temperature (<25~ study of Eucker and Hertzberg (1950) shows that with increasing temperature the percentage of salting-out in NaC1 solutions decreases for CH4 solubilities relative to distilled water; however, the intermediate temperature (50~176 data of O'Sullivan and Smith (1970) are inconclusive. The high temperature (100~176 study of Blount et al. (1979) indicates a substantial increase.
Extrapolation of solubility data obtained in slurries to unconsolidated argillaceous sediments is tenuous. The sediments will have a larger clay surface area relative to the bulk water content. However, assuming that the above conclusion regarding the solubility of methane in clay-surface hydrated water is valid, the solubility of methane should be the same in the sediment as in the pure aqueous solution.
Consolidated argillaceous sediments represent a different situation. A limiting pore size must exist such that the nonpolar nature of methane excludes it from the pore. This follows from the apparent lack of ab-sorption of methane into the interlayer space. Hinch (1978) postulated hydrocarbon expulsion from shales due to molecular interactions between mineral surfaces and pore fluids. Such methane expulsion is likely, resulting from its inability to form hydrogen bonds with the clay surfaces.
CONCLUSIONS
Methane solubilities were not significantly affected by sorption of methane onto clays or by clay surface hydration in the slurries used in this study. Methane solubilities in unconsolidated argillaceous sediments should be similar to those measured in interstitial waters in the absence of mineral surfaces. This follows from the open structure of the hydrated water.
